Maj or depressive disorder is a severe illness, and a significant percentage of patients fail to respond to standard therapies (1) . Over the last 10 years, a number of clinical trials of repetitive transcranial magnetic stimulation (rTMS) for treatment-resistant depressive illness have been conducted (e.g., see references 2-6). Most of these trials used high-frequency rTMS, usually between 5 and 20 Hz, applied to the left dorsolateral prefrontal cortex. More recently, an alterative paradigm, involving the provision of low-frequency stimulation to the right dorsolateral prefrontal cortex, has also been shown to have antidepressant activity (7, 8) . Low-and high-frequency stimulation are proposed to have opposite effects on cortical activity, possibly underlying these clinical findings (7) . However, although most of these studies have shown that the antidepressant effects of active rTMS are greater than those of sham stimulation, these differences have been of limited magnitude, and considerable questions remain as to whether rTMS has clinically relevant effects (9, 10) .
Despite the evidence for the efficacy of both left-and right-side stimulation, the effectiveness of sequentially combining these two forms of stimulation has not been rigorously evaluated in studies with substantial group sizes. Therefore, we conducted a randomized, doubleblind, sham-controlled trial of the efficacy of sequential "bilateral" rTMS, sequentially combining both high-frequency left-side stimulation with low-frequency rightside rTMS. We hypothesized that bilateral active rTMS would produce a greater therapeutic effect than sham stimulation with no significant cognitive side effects. In addition to combining the two forms of rTMS, we also provided treatment for up to 6 weeks.
Method

Study Design
The study involved a two-arm, double-blind, randomized, controlled trial (N=25 in each group) ( Figure 1 ). The patients were sequentially randomly assigned to groups with a single randomnumber sequence (no stratification) that was used to produce a series of sealed envelopes. The envelope for each patient was opened immediately before commencement of the first treatment session by the clinician administering the rTMS after the administration of the baseline assessment. The patients and raters were blind to treatment, but the clinician administering the rTMS was aware of the treatment group.
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http://ajp.psychiatryonline.org All patients initially received 10 sessions of treatment on a daily basis, 5 days per week. After the 10th session, a blind assessment was made. At this time, the patients were classified as "initial responders" if they had achieved a >20% reduction in score on the Montgomery-Åsberg Depression Rating Scale (MADRS) (11) . If this was the case, they were offered a further week of rTMS. After week 2, the patients were assessed weekly by a blinded rater. Continued participation in the study was dependent on the patient's, achieving a further 10% reduction in MADRS score at each of these weekly assessments, up to a maximum of 6 weeks of total treatment. At any assessement, patients who were not responding were withdrawn from the study, and if they had received sham stimulation, they were offered open-label active rTMS under the same treatment conditions (assessment at 2 weeks and weekly thereafter).
Subjects
Fifty patients with a DSM-IV diagnosis of major depression participated in the study ( Table 1 ). The patients were recruited from the outpatient department of a public regional mental health service and by referral from a number of private psychiatrists between January 2003 and September 2004. Fifty-six patients were originally screened; six were excluded before random assignment because of insufficient depression severity (3) or comorbidity (3). All patients were outpatients during the trial. The study was powered (0.93) to show an 8-point difference in the study endpoint variable between the groups (alpha<0.05, sigma= 8).
The treating psychiatrist and a study psychiatrist (P.B.F.) assigned a DSM-IV diagnosis to each patient. Forty-two patients had a diagnosis of major depressive episode, and eight had a diagnosis of bipolar I disorder, depressive episode (four in each group).
All patients scored greater than 20 on the MADRS (mean=33.6, SD=7.8). Patients with significant medical illnesses, neurological disorders, or other axis I psychiatric disorders were excluded. All patients had failed to respond to a minimum of two courses of antidepressant medications for at least 6 weeks (stage II, definition of Thase and Rush [12] ) (mean number of lifetime courses=5.9, SD= 3.0). These courses were required to be at a standard minimum effective dose, such as 20 mg/day of fluoxetine, paroxetine, or citalopram; 150 mg/day of a tricyclic antidepressant; or 125 mg/day of venlafaxine (1) . The patients were not deliberately withdrawn from medication before the trial; however, their doses were not allowed to have changed in the 4 weeks before the commencement of the study or during the trial. The number of medications each group was taking are presented in Table 1 . There was no difference in the proportions of patients taking any of the medication types between the two groups. Twenty patients reported at least one previous ECT treatment course. Half of these patients reported a previously favorable response to ECT, seven reported no response, and three reported a course limited by cognitive side effects. Three of the patients were left-handed (two in the active group and one in the sham group) (p>0.05, Fisher's exact test).
After a complete description of the study had been given to the subjects, written informed consent was obtained from all patients on a form approved by Alfred Hospital's Human Research and Ethics Committee.
rTMS Treatment
rTMS was administered with a Medtronic Magpro30 magnetic stimulator (Medtronic Inc., Minneapolis) with stand-held 70-mm figure eight coils. There was limited interaction with the subject during the rTMS sessions. At all times, the coil was held tangentially to the scalp with the handle pointing back and away from the midline at 45°. The site of stimulation during the rTMS treatment sessions was defined by a point 5 cm anterior to that required for maximum stimulation of the abductor pollicis brevis muscle. The resting motor threshold was measured bilaterally with standard electromyogram methods (13) .
Treatment stimulation was sequential: to the right and then the left dorsolateral prefrontal cortex. Right-side stimulation was applied at 1 Hz in three trains of 140 seconds' duration with a 30-second interval between the trains. It was applied at 110% of the resting motor threshold. Left-side stimulation was applied at 10 Hz in 15 trains of 5 seconds' duration with a 25-second intertrain interval. Left-side stimulation was applied at 100% of the resting motor threshold. This resulted in an imbalance in the number of pulses per side but an approximately equal time of administration. Provision of a longer duration of 1-Hz stimulation was not judged to be feasible at the time of study initiation. One-Hz stimulation was provided at a higher intensity because, in our experience, it is better tolerated by subjects.
Sham stimulation was applied with stimulation parameters identical to those for the active treatment (on both sides) but with the coil angled at 45° off the head. The medial wing of the coil was resting on the scalp. This produced some degree of scalp sensation in most participants but has been shown to produce a limited degree of intracortical activity (14, 15) . At the completion of each phase of treatment, the patients were asked whether they 
Clinical Assessment
The primary outcome measure for the study was score on the MADRS. The patients were assessed with the MADRS, the 17-item version of the Hamilton Depression Rating Scale (HAM-D), the Beck Depression Inventory (BDI), the Brief Psychiatric Rating Scale (BPRS), the CORE Rating of Psychomotor Disturbance (16) , and the Global Assessment of Functioning (GAF) Scale (DSM-IV-TR). Ratings at follow-up were also made with the Clinical Global Impression (CGI) improvement subscale. Handedness was recorded with the Edinburgh Inventory (17) . The ratings were made by clinically trained raters who were required to demonstrate adequate interrater reliability (r 2 >0.9).
A brief cognitive assessment was made at each visit with the following tests, predominately focusing on memory performance: the Hopkins Verbal Learning Test (18) , the Controlled Oral Word Association Test (19) , the WAIS digit span (forward and backward), the Brief Visuospatial Memory Test-Revised (20) , and the Visuospatial Digit Span (21).
Data Analysis
T tests and chi-square tests were used to investigate differences between the groups on demographic and baseline clinical variables. Two primary analyses were conducted with repeated-measures analysis of variance (ANOVA) with the last-observation-carried-forward method (intention to treat) on the MADRS data, response at 2 weeks, and response across all study assessments (significance at p<0.025). A secondary series of models was computed to include potential covariates, such as age, sex, diagnosis, and medication status (use of antidepressants, mood stabilizers, and antipsychotics as separate covariates). Post hoc paired t tests were used to analyze changes in scores between different study visits (significance at p<0.0125). In addition, the percentage of patients meeting response criteria (>50% reduction in MADRS score) and remission criteria (final MADRS score of <10 [22] ) were compared with Fisher's exact test.
Repeated-measures ANOVA models were also used to analyze group differences for BDI and HAM-D scores. Changes in scores from baseline to final study visit were calculated for the BPRS, the GAF, and the CGI and compared between the groups. Pearson's correlation coefficients were calculated to assess potential predictors of clinical response. Because these were limited to one measure, planned linear regression analysis was not conducted.
The cognitive data were analyzed with paired t tests comparing the baseline and endpoint scores. Separate analyses were conducted for the two groups as a whole. When a difference was seen in the basic analysis, a two-way ANOVA model was computed with time and group as the two factors.
All procedures were two-tailed, and unless otherwise stated, significance was set at an alpha level of 0.05. All analyses were conducted with SPSS 11.5 (Chicago, SPSS).
Results
Patients
Baseline clinical characteristics are summarized in Table 1. There were no significant baseline differences be- tween the groups. Of the 50 patients randomly assigned to groups, three (all in the sham group) failed to complete the initial 2-week treatment period. One patient withdrew consent before undergoing the first treatment session, and two patients withdrew during treatment; both had experienced no change or a mild degree of clinical deterioration before withdrawal.
Primary Outcome Analysis
In the first 2 weeks of the trial, there was a mean improvement on the MADRS of 7.7 (SD=7.1) in the active group and 3.2 (SD=7.7) in the sham group (F=25.5, df=1, 25, p<0.001). In the active group, 10 (of 25 patients) finished after 2 weeks, two continued for 3 weeks, two for 4 weeks, and 11 for the full 6 weeks ( Table 2 ). In the sham group, only seven continued for longer than 2 weeks. Two of these continued into week 4, but none progressed further than week 4 in the study. Over all study visits, there was a significant effect of time (F=4.8, df=5, 44, p=0.001) and a significant group-by-time interaction (F=3.9, df=5, 44, p=0.005), indicating a greater reduction in MADRS scores in the active group than in the sham group (Figure 2) . On post hoc t tests, the reduction in MADRS scores was significant for the active group between baseline and week 2 (p<0.001), weeks 3 and 4 (p<0.001), and weeks 5 and 6 (p=0.01). The differences between weeks 2 and 3 (p=0.08) and weeks 4 and 5 (p=0.05) only approached significance. For the sham group, there was a reduction in MADRS scores that approached significance between baseline and week 2 (p= 0.06) but not between other study visits.
By the study end, 11 patients (44%) in the active group and two patients (8.0%) in the sham group met criteria for clinical response (p<0.05). An additional five patients in the active (and two in the sham) group achieved an improvement of between 25% and 50% on the MADRS. Nine patients (36%) in the active group and no patients in the sham group met the criteria for clinical remission (p= 0.005), and five of these patients had MADRS scores of 4 or below.
The primary efficacy analysis was repeated with models controlling for age, sex, diagnosis, and treatment with any antidepressant, mood stabilizer, benzodiazepine, or antipsychotic medication as covariates. The effect of group remained significant, and there were no other significant effects.
Secondary Outcome Analyses
The repeated-measures ANOVA analysis was also conducted for BDI scores. There also was a significant difference between the two groups (group-by-time interaction: F=3.2, df=5, 44, p=0.01). There was no effect of potential covariates.
Total changes in HAM-D scores were compared (baseline to final study visit). There was a significantly greater improvement in the active group (mean=45.2%, SD=40.1%) versus the sham group (mean=5.4%, SD=23.1%) (t=4.3, df= 38.4, p<0.001). Thirteen patients (52%) in the active group and two patients (8%) in the sham group experienced a >50% reduction in HAM-D scores (χ 2 =11.5, df=1, p=0.001). Ten patients (40%) in the active group met HAM-D criteria for remission (<8) by the study end (Table 3 ). There was a significantly greater improvement in total BPRS scores in the active group (mean=41.5%, SD=38.5%) versus in the sham group (mean=8.2%, SD=30.7%) (t=3.4, df=45.7, p= 0.001). There were also significant differences in scores at the end of the study on the CGI Scale for illness severity (mean=3.4, SD=1.6, versus mean=4.4, SD=0.7) (t=-2.9, df= 33.0, p<0.01), the CGI Scale for improvement (mean=3.3, SD=1.2, versus mean=4.0, SD=1.4) (t=-2.1, df=45, p<0.05), 
Crossover Data
Eighteen of the patients in the sham group went on to receive at least 2 weeks of active treatment (seven had 2 weeks, one had 3 weeks, three had 4 weeks, two had 5 weeks, and five had 6 weeks). The mean improvement in MADRS scores was 37.0% (SD=43.7%) (t=3.7, df=17, p<0.005). Eight of the patients experienced a >50% reduction in MADRS scores, and six met remission criteria at the study end.
Predictors of Response
Clinical response (change in MADRS scores) was analyzed for the active treatment group and the patients who crossed over to active treatment after sham stimulation (pooled). There was an inverse relationship between the severity of melancholic symptoms and response (total CORE Rating of Psychomotor Disturbance: r 2 =-0.33, N= 43, p<0.05; CORE noninteractiveness subscale score: r 2 = -0.34, N=43, p<0.05). No other variables correlated with response, including the number of trials of previous antidepressant medications. There was no relationship between previous ECT response and response to rTMS (p= 0.76, Fisher's exact test).
There was no correlation between the degree of clinical response and the degree of psychotic symptoms (total BPRS score: r 2 =-0.07, p>0.05; BPRS thought disturbance subscale score: r 2 =0.14, p>0.05; BPRS suspiciousness subscale score: r 2 =0.03, p>0.05). Six patients scored >3 at baseline on the thought disturbance subscale. Four received active treatment, and two met response criteria. Seven patients scored >3 at baseline on the suspiciousness subscale. Five received active treatment, and two met response criteria. In regard to diagnosis, two of four patients with bipolar disorder met response criteria in the active group and one of four in the sham group.
Integrity of Blinding
The blinding of the patients was maintained in the trial as assessed at the 2-week assessment time point. A similar percentage of patients in each group (15 in the active group and 11 of 22 patients in the sham group) guessed that they were in the active group when asked at 2 weeks into the treatment (χ 2 =0.47, df=1, p>0.05), and the same number of subjects correctly guessed their treatment in each group. However, of the patients who were classified as responders at the trial end, most (12 of 13) had guessed that they were in the active group at week 2 (nine of 11 in the active group and two of two patients in the sham group). This reflected the fact that clinical response was the major reason given for the guess. Factors having to do with the strength of the experienced somatic sensations were not raised as a significant issue by the patients.
Side Effects
Five patients in the active group and two patients in the sham group reported a headache persisting for longer than 10 minutes after one or more treatment sessions. Three patients in the active group (none in the sham) reported feeling nauseated after one or more treatment sessions. This was relatively brief in all cases. There were no significant adverse events, including seizures or induced manic episodes.
Cognition
No significant reduction in cognitive performance was seen for any subject. Performance decreased on the Hopkins Verbal Learning Test delayed recall subscale for both active and sham groups, with no group-by-time interaction (F=0.09, df=1, 45, p>0.05). Performance improved on the digit span backward test in the active group only (group-by-time interaction: F=3.4, df=1, 44, p=0.07) and on the Controlled Oral Word Association Test for both groups (time effect: F=13.5, df=1, 45, p=0.001). For the active treatment group, improved MADRS scores did not correlate with improved performance on the digit span backward test (r 2 =-0.36, p>0.05).
Discussion
This double-blind, sham-controlled, parallel-group trial found a significant therapeutic benefit of sequentially applied bilateral rTMS in patients with treatmentresistant depressive illness. We found that rTMS produced a therapeutic response that was evident by 2 weeks into the trial and progressively increased for a total of 6 weeks. Most critically, a significant therapeutic response was achieved by about half of the patients in the active treatment group, and a significant proportion of patients achieved clinical remission. The response rate for patients in this study was greater than the vast majority of published reports of rTMS treatment in depression and of a degree that we consider clinically relevant and applicable. This is in spite of the selection of a relatively heterogeneous group of patients with a marked degree of treatment resistance. Of importance, this is the first rTMS study to show a clinically significant percentage of patients achieving remission criteria. Cohen et al. (23) published a case series showing significant benefit for four of seven patients treated with similar treatment parameters. Hausmann et al. (24) compared a group of patients also receiving high-frequency left-side and low-frequency right-side stimulation to unilateral-side rTMS and a sham group and showed no differences among all three groups. However, the size per group was considerably smaller than in our study, the patients were treated for a total of only 2 weeks, and new antidepressant medication was commenced concurrently with the rTMS-all confounding interpretation. The same group had also previously compared high-frequency left to bilateral (high-frequency left and low-frequency right) stimulation, but the capacity of this study to show differences between active stimulation groups was also limited by its size (25) .
It is not clear why the response rate in this trial was significantly greater than in previous studies of rTMS, but combining the two treatment types could potentially enhance response in several ways. First, it is possible that some patients have left-side treatment-responsive depression and some have right-side treatment-responsive depression. Therefore, by giving everyone both treatments, we maximized the likelihood of a treatment response in any individual patient. This should ensure the maximal number of treatment responders. Second, it is notable that despite providing more pulses on the left, we actually gave more right-side pulses (420 versus 300) at a higher intensity (110% versus 100% of the resting motor threshold) than in previous studies. Therefore, it is possible that our improved results compared to our previous study (7) came about because of the greater degree of right-side stimulation alone. However, given the well-established antidepressant properties of high-frequency left-side rTMS, this seems somewhat doubtful. Alternatively, the two treatments may have a synergistic effect in likely treatment responders. Theoretically, this also seems quite plausible given that unilateral stimulation can produce effects bilaterally (26) . However, it is possible that the greater benefits seen with rTMS in this study did not relate to the combination of the two types of treatment but arose purely from the increased duration of treatment provided as stimulation for 6 weeks although it has not previously been investigated. In support of this, we saw progressive decreases in depression severity across the full 6 weeks of the study in the active group. However, because the rates of response at 4 weeks were already quite good compared to the response rates in previous studies, such as our own, we cannot definitely conclude that the response rate was purely an effect of longer treatment duration (7) . These issues will only be resolved with a large randomized trial comparing unilateral and bilateral approaches.
There are a number of important limitations, including, first, our method of only continuing subjects in treatment who reported ongoing clinical improvement at weekly assessments. With this design, it is possible that patients may have been removed from the study who could have had a slower or less steady progression in improvement in their depressive symptoms. However, we considered before commencement of the trial that this was more likely to lessen the difference between active treatment and sham stimulation than to enhance it because it would potentially remove true active treatment responders prematurely, although it is possible that it could exclude slow sham responders. Given the results of previous studies, we were surprised by the degree of difference in the persistence of the clinical effects, and as such, the high degree of dropouts makes the last-observation-carried-forward ANOVA models potentially unreliable. However, we have presented this as our a priori analysis plan. Despite these concerns, the supporting analyses, for example, showing the significant difference in clinical response at 2 weeks, clearly indicate the superiority of the active treatment over the sham stimulation.
We also do not have good information as to the integrity of the blinding after 2 weeks of treatment, and the clinicians providing treatment were not blind to group. However, the blinding was adequately maintained at 2 weeks, and the majority of the sham responders who deteriorated and then came out of the study did so in the week immediately after this assessment. There is no de novo reason to assume that they would have been unblinded in this period of time because none of the other study practices, for example, the methods of treatment administration, altered. In addition, the study adds minimal information on the potential predictors of response to rTMS. We did find a weak inverse relationship with melancholic symptoms, which is not consistent with the positive relationship we found in our previous study (7) . Larger trials powered specifically to address this question will be required.
Finally, interpretation of the results of this study is complicated by the concurrent medication treatment of most subjects. Given that the majority of the study subjects were receiving medication, it is essentially an add-on study design. However, all subjects had been taking stable doses of medication for at least a month (usually much longer), were not improving before the trial, and had a high degree of treatment resistance. The relatively low sham rate of response also confirms that the degree of response in the active group was unlikely to be attributable to concurrent medication treatment, although it is possible that there was a synergistic interaction between rTMS and antidepressant medication.
In conclusion, sequential bilateral rTMS combining high-frequency left-side and low-frequency right-side treatment appears to be a promising antidepressant strategy for treatment-resistant depressive illness. Bilateral rTMS applied over 6 weeks induces clinically meaningful responses, including clinical remission in a clinically relevant subgroup of patients, and is superior to sham stimulation.
